Seminal fluid interacts with epithelial cells lining the female reproductive tract to induce expression of proinflammatory cytokines and chemokines, initiating immune tolerance mechanisms to facilitate pregnancy. TGFB cytokines are key signaling agents in seminal plasma but do not fully account for the female response to seminal fluid. We hypothesized that additional molecular pathways are utilized in seminal fluid signaling. Affymetrix microarray was employed to compare gene expression in the endometrium of mice 8 h after mating with either intact males or seminal fluid deficient (SVX/VAS) males. Bioinformatics analysis revealed TLR4 signaling as a strongly predicted upstream regulator activated by the differentially expressed genes and implicated TGFB signaling as a second key pathway. Quantitative PCR and microbead data confirmed that seminal fluid induces endometrial synthesis of several TLR4-regulated cytokines and chemokines, including CSF3, CXCL1, CXCL2, IL1A, IL6, LIF, and TNF. In primary uterine epithelial cells, CSF3, CXCL1, and CXCL2 were strongly induced by the TLR4 ligand LPS but suppressed by TGFB, while IL1A, TNF, and CSF2 were induced by both ligands. TLR4 was confirmed as essential for the full endometrial cytokine response using mice with a null mutation in Tlr4, where seminal fluid failed to induce endometrial Csf3, Cxcl2, Il6, and Tnf expression. This study provides evidence that TLR4 contributes to seminal fluid modulation of the periconception immune environment. Activation of TLR4 signaling by microbial or endogenous components of seminal fluid is thus implicated as a key element of the female tract response to seminal fluid at the outset of pregnancy in mice.
INTRODUCTION
Successful pregnancy requires adaptation of the female immune system to tolerate implantation of embryos expressing paternal alloantigens [1] . Male seminal fluid, made up of sperm and seminal plasma, delivers immune-regulatory factors and paternal antigens that contribute to generating maternal immune tolerance at the time of conception. In particular, seminal fluid promotes activation of paternal antigen-reactive regulatory T cells (Treg cells) that are essential for endometrial receptivity to implantation [2, 3] . Studies in humans, pigs, and other animals show that male-female seminal fluid signaling is common amongst mammalian species [4] .
In mice, signaling is initiated after coitus due to the actions of soluble factors present in seminal fluid, which bind to receptors expressed by epithelial cells lining the uterine lumen, to trigger synthesis of colony-stimulating factor-2 (CSF2, also known as granulocyte-macrophage colony-stimulating factor, GM-CSF) [5] . Several other cytokines and chemokines, including interleukin-6 (IL6), TNF, C-X-C motif chemokine ligand-1 (CXCL1, also known as growth-regulated alpha protein, GRO or KC), CXCL2 (macrophage inhibitory protein-2, MIP2), and C-C motif chemokine ligand-3 (CCL3, macrophage inflammatory protein-1 alpha, MIP1A) are also elevated in the uterus during the immediate postcoital phase [6] [7] [8] [9] .
These cytokines have the capacity to act rapidly on nearby blood vessels to draw inflammatory cells, including macrophages, neutrophils, and dendritic cells, into the superficial endometrial stroma and uterine lumen [5, 7, 10] . The effects of seminal fluid extend the full depth of the reproductive tract to the oviduct [11] and to the ovary [12] where cytokine synthesis and leukocyte numbers also increase. Together, cytokine production and leukocyte recruitment assist in preparing the female reproductive tract for conception and pregnancy by promoting the formation of the corpus luteum [12] , supporting the development of the preimplantation embryo [13] , inducing endometrial expression of embryo attachment molecules and angiogenic factors to prepare for embryo implantation [14] , and clearing the uterine cavity of microorganisms introduced at mating [15] . Cytokines produced in response to seminal fluid also recruit macrophages and dendritic cells that take up antigen and prime the female immune response to paternal antigens [1, 16] , leading to expansion of antigen-dependent Treg cells [16] . Depending on the balance of cytokines produced and immune cells recruited as well as the antigenic dissimilarity between the male and the female, the female immune response to seminal fluid may induce tolerance or rejection mechanisms that either facilitate or constrain embryo implantation and progression of the reproductive cycle [17] .
Previous studies have begun to identify the active factors present in seminal fluid that contribute to the periconception inflammatory response and generation of maternal immune tolerance. In the mouse and human, the seminal plasma fraction of seminal fluid is identified as containing potent signaling agents that trigger the female response to coitus [5, 18, 19] . Ablation of the seminal vesicle contribution to seminal plasma in mice adversely affects fertility and also alters the growth trajectory and metabolic health of male offspring, partly through affecting the expression of embryotrophic cytokines in the oviduct at conception [20] . Analysis of the active factors present in seminal plasma has identified transforming growth factor B (TGFB) as a major component that activates the endometrial response to seminal fluid in mice [21] , humans [22] , pigs [23] , and sheep [24] . In addition, seminal fluid induction of Treg cells depends on seminal plasma TGFB because mouse Treg cells, which require TGFB for their differentiation [25] , are not expanded in the absence of seminal plasma [18, 26] and exogenous TGFB administration increases vaginal Treg cells in abortion-prone mice, preventing spontaneous fetal loss [27] .
However, experiments in human and mouse reproductive tract epithelial cells show that only some of the cytokines upregulated by seminal fluid are induced by TGFB [21, 22, 28, 29] , indicating that other components of seminal fluid contribute to the seminal fluid-signaling cascade. To further define the molecular basis of seminal fluid signaling, we have characterized how seminal fluid alters the gene expression profile in the mouse endometrium following mating and utilized the data to predict novel pathways that are employed by seminal fluid to activate the female tract response. We show that seminal fluid regulates a variety of immune response genes and pathways and that many differentially expressed genes are demonstrated to require TLR4. These data imply that activation of TLR4 signaling by ligands, including pathogen-associated molecular patterns (PAMPS) or danger-associated molecular patterns (DAMPs), in seminal fluid is a key event in the female response to seminal fluid and subsequent immune adaptation for pregnancy.
MATERIALS AND METHODS

Mice and Surgical Treatments
All the animal experiments were performed in accordance with the Guiding Principles for the Care and Use of Research Animals endorsed by the Society for the Study of Reproduction, with approval from the University of Adelaide Ethics Committee (approval numbers M-2010-095 and M-023-14). Mice were housed in a specific pathogen-free facility at the University of Adelaide with controlled temperature and lighting (12L:12D). Food and water were supplied ad libitum. CBA 3 C57Bl/6 F1 (CBAF1) females, C57Bl/6 males, and Balb/c mice were purchased from the University of Adelaide Central Animal Facility. Mice with a null mutation in the Tlr4 gene (Tlr4 À/À mice) back-crossed onto BALB/c for more than 10 generations were sourced from Prof. Akira (Osaka University, Osaka, Japan) [30] and supplied by Prof. Paul Foster (University of Newcastle, Newcastle, Australia).
Seminal fluid-deficient SVX/VAS males were prepared as previously described [5] . Briefly, mice were anesthetized with Avertin (1 mg/ml tribromoethyl alcohol in tertiary amyl alcohol [Sigma-Aldrich, St Louis, MO] diluted to 2.5% [v/v] in saline; 15 ll/g body mass injected intraperitoneally). Mice were vasectomized by bilateral ligation of the vas deferens, and seminal vesicles were excised after ligation and severing of the proximal tubule at the base of the gland, in the one procedure, via a transverse incision in the abdominal wall. The body wall and skin were sutured, and the mice were allowed to recover for at least 2 wk before mating experiments. Successful surgery was confirmed by placement with trial females and remote analysis of video recording (using infrared night filming capability) to ensure competent mating behavior. Trial females mated with SVX/VAS males were examined to confirm the absence of a copulatory plug or ejaculated sperm, and failure to progress to pregnancy.
Mating and Tissue Collection
Mouse estrous cycle was monitored by examination of vaginal lavage cytology. For mated mice, CBAF1 females were placed with intact or SVX/ VAS Balb/c stud males, and Tlr4 À/À or wild-type Tlr4 þ/þ Balb/c females were placed with intact or SVX/VAS C57Bl/6 males, at 2300-0100 h on the evening after proestrus was detected. The occurrence and timing of mating events within the subsequent 2 h period were monitored by video recording (for both intact and SVX/VAS males) and confirmed by presence of a copulatory plug (for intact males). At 8 h postmating (0700-0900 h), females were killed and the uterus was excised and processed for either RNA or protein analysis. In some experiments, females were killed 1-2 h postmating (0100-0200 h) for recovery of uterine luminal fluid and endotoxin quantitation. For unmated estrous control mice, CBAF1 females were killed and the uterus excised at 2200-2230 h on the evening after proestrus was detected.
For RNA experiments, the uterus was placed in cold PBS and trimmed of fat, mesentery, and blood vessels under a dissection microscope (Olympus, New York, NY), then transferred into fresh PBS and slit lengthwise. Exposed endometrial tissue was scraped off using a razor blade into Qiazol RNA lysis solution (Qiagen, Venlo, Netherlands), and the myometrium was discarded. RNA was homogenized at a setting of one cycle at 3500 rpm for 10 sec using the Powerlyzer(R) 24 Bench Top Bead Based Homogenizer (Mo Bio Laboratories, Carlsbad, CA).
For protein and endotoxin quantitation experiments, uteri were excised with the cervical end clamped, and then uterine luminal fluid was flushed with 50 ll of PBS containing 1% bovine serum albumin. Endometrial RNA and luminal fluid samples were stored at À808C until further use.
Uterine Epithelial Cell Culture
Uteri were harvested from mice identified as estrous by vaginal lavage cytology, and epithelial cell cultures, consisting of .80% epithelial cells, were prepared as previously described [10, 31] . Epithelial cells were resuspended at 1 3 10 6 cells/ml in RPMI (RPMI-1640, 5% fetal calf serum, 2 mM Lglutamine, 13 antibiotic/antimycotic [Life Technologies, Carlsbad, CA]), and 500 ll aliquots were plated in 4-well multidishes (Nunc, Roskilde, Denmark). Cells were incubated for 4 h at 378C in 5% CO 2 , to permit adherence, then treatment, either 2, 20, or 200 ng/ml of lipopolysaccharide (LPS) (Salmonella typhimurium; Sigma-Aldrich) or 1.25, 5, or 20 ng/ml human recombinant TGFB3 (Gropep, Thebarton, Australia), or vehicle (RPMI) alone was added to duplicate wells. Treatment-containing media was replaced with fresh media following overnight (16 h) incubation. Culture supernatants were collected after 24 h further incubation, centrifuged at 244 3 g to remove cellular material, and stored at À208C until assay. Adherent cells were quantified following Rose Bengal dye uptake (0.25% in PBS, 5 min at room temperature) (Sigma Aldrich) and cell lysis in 0.1% SDS by measuring absorbance at 570 nm using a BioRad Microplate Reader Benchmark and Microplate Manager 5.2.1 Build 106 (Bio-Rad Laboratories, Hercules, CA) as described previously [10, 31] .
Isolation of Total RNA
Total RNA was extracted using the miRNeasy extraction kit (Qiagen) and treated with TURBO DNA-free (Life Technologies) following the manufacturer's instructions. RNA was quantified using a Nano-Drop Spectrophotometer ND-1000 (Thermo Scientific, Waltham, MA), and RNA integrity was analyzed using the Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA) to ensure all RNA preparations had an RNA integrity number of .7.
Microarray Analysis and Bioinformatics
Microarray analysis was performed using Affymetrix Mouse Gene 2.0 ST Arrays at the Adelaide Microarray Centre. Total RNA (300 ng) was labeled using the GeneChip WT PLUS Reagent Kit according to the manufacturer's instructions (Affymetrix, Santa Clara, CA). Microarray data was analyzed using Partek Genomics Suite version 6.6. Briefly, .cel files were imported using RMA background correction, following GC content correction and mean probe summarization. Differentially expressed probes were defined as !1.50-fold change, t-test P , 0.05. To investigate gene pathways and upstream regulators activated by seminal fluid following mating, differentially expressed genes were analyzed using Ingenuity Pathway Analysis (IPA) version 18488943 Build 308606M (Ingenuity Systems, Redwood City, CA). The microarray data discussed in this publication are deposited in the National Center for Biotechnology Information's Gene Expression Omnibus [32] and are accessible through GEO Series accession no. GSE70401 (http://www.ncbi.nlm.nih.gov/ geo/query/acc.cgi?acc¼GSE70401).
Reverse Transcription and Quantitative Polymerase Chain Reaction
Total cellular RNA was reverse transcribed into cDNA from 1000 ng RNA primed with 150 ng random hexamers employing a Superscript-III Reverse Transcriptase kit (Life Technologies) according to the manufacturer's instructions and stored at À208C. Primer pairs specific for published cDNA sequences were designed using Primer Express version 2 software (Life Technologies, Table 1 ). PCR primers were tested for specificity by quantitative PCR (qPCR) amplification (see method below). PCR primer products were SCHJENKEN ET AL.
purified from 2% agarose gels and then sequenced at the Australian Genome Research Facility (AGRF, Adelaide Node, Australia) to confirm primer specificity. Assay optimization and validation experiments were performed using cDNA from murine endometrial tissue to determine the amplification efficiency of each primer pair. All the primers were determined to have a correlation coefficient of .0.95 and an efficiency of 90%-110%.
Quantitative PCR was performed on 20 ng of cDNA containing PCR primers (details in Table 1 ) and 13 Power SYBR Green PCR master mix (Life Technologies). Negative controls included in each reaction contained H 2 O substituted for cDNA or RNA without reverse transcription. PCR amplification was performed in an ABI Prism 7000 Sequence Detection System or QuantStudio12K Flex Real-Time PCR System v1.1 (Life Technologies) using the following conditions: 508C for 2 min and 958C for 10 min followed by 40 cycles of 958C for 15 sec and 608C for 1 min. The delta C(t) method [33] was then used to calculate messenger RNA abundance normalized to Actb mRNA expression.
Cytokine Enzyme-Linked Immunosorbent Assay and Multiplex Microbead Analysis
Cytokines secreted into luminal fluid or culture supernatants were quantified using either Milliplex multi-analyte panels multiplex microbead kit (Merck Millipore, Billerica, MA) or conventional enzyme-linked immunosorbent assay (ELISA) (GCSF DuoSet ELISA; R&D Systems, Minneapolis, MN) following the manufacturer's instructions. The minimum detectable threshold for microbead analytes was ,3.2 pg/ml, and samples were diluted in assay buffer (1:5 or 1:200). Analytes examined by microbead assay were CSF2 (GMCSF), CXCL1 (KC), CXCL2 (MIP2), CXCL10 (IP10), IL1B, IL6, LIF, and TNF. Microbead data were analyzed using Luminex 200 and eXponent 3.1 (Luminex Corp, Austin, TX). The minimum detectable threshold for CSF3 (GCSF) DuoSet ELISA was 15.6 pg/ml, and the samples were diluted 1:50. Duoset ELISA data were analyzed using Bio-Rad Microplate Reader Benchmark and Microplate Manager 5.2.1 Build 106 (Bio-Rad Laboratories).
Endotoxin Assay
Endotoxin was quantified in uterine luminal fluid by Pierce LAL Chromogenic Endotoxin Quantification (Pierce Biotechnology, Rockford, IL) following the manufacturer's instructions using sample dilutions proven in spiking experiments to not cause assay inhibition. The minimum detectable threshold was 0.1 endotoxin units/ml, and samples were diluted in endotoxinfree water (1:100 dilution). Endotoxin data was analyzed using the Bio-Rad Microplate Reader Benchmark and Microplate Manager 5.2.1 Build 106 (BioRad Laboratories).
Statistics
SPSS version 17 (SPSS, Chicago, IL) was used to analyze cytokine mRNA and protein data. Data was analyzed by Kruskal-Wallis H-test and MannWhitney U-test because D'Agostino and Pearson omnibus normality test showed most data sets to be not normally distributed. Statistical significance in differences between the groups was concluded when P , 0.05.
RESULTS
Seminal Fluid Induces Endometrial Gene Expression
To examine the effect of seminal fluid on the whole genome expression profile of endometrial tissue following mating, RNA was extracted from endometrial tissue collected 8 h after CBAF1 females were mated with intact Balb/c males and compared to RNA from endometrial tissue of females mated with seminal fluid-deficient SVX/VAS Balb/c males. This comparison controlled for ovarian hormone status, exposure to the male and mating activity, and the neuroendocrine response to cervical and vaginal stimulus at mating, so that changes in endometrial gene expression could be attributed specifically to contact with seminal fluid. The endometrial RNA from n ¼ 16 individual females was pooled into four independent biological replicates per treatment group (n ¼ 4 endometrial samples per replicate), and expression profiles were analyzed by Affymetrix microarray.
Seminal fluid exposure induced a clear difference in the profile of genes expressed in the endometrium, as demonstrated by principal component analysis (Fig. 1A) . A total of 335 genes were differentially regulated with a fold-change .1.5 and P , 0.05. Of these, 190 genes were up-regulated and 145 genes were down-regulated following contact with seminal fluid (Supplemental Table S1 ; Supplemental Data are available online at www.biolreprod.org). Of the top 10 up-regulated genes, six are associated with the immune response, while 3 of 10 top down-regulated genes are associated with the immune response ( Table 2) . Amongst the top 15 canonical pathways activated following mating are immune response pathways, including IL6 and IL10 signaling (Table 3) .
In an effort to predict novel signaling pathways that may be activated by seminal fluid, the upstream regulator function component of IPA was employed. This function utilizes known information on the differentially regulated genes to predict which upstream molecules are likely regulators. Top upstream regulators predicted to be activated by seminal fluid were components of the TLR4-signaling pathway, including the surface receptor TLR4 (Z score ¼ 4.021, P ¼ 3.58EÀ20) (Fig.  1B , and Supplemental Table S2), the adaptor molecule MYD88 (Z score ¼ 4.07, P ¼ 3.09EÀ21), and the archetypal TLR4 ligand LPS (Z score ¼ 5.795, P ¼ 3.12EÀ28) (Supplemental Fig. S1A , S1B and Supplemental Table S2 ). Consistent with our previous studies, TGFB ligand was also a predicted upstream regulator of the gene expression changes induced by seminal fluid, although with a weaker probability score (Z score ¼ 1.18, P ¼ 3.6EÀ15) (Supplemental Fig. S1C 
TLR4 SIGNALING ACTIVATED BY SEMINAL FLUID and Supplemental Table S2 ). The TGFB-signaling pathway (P ¼ 0.031) was also predicted to be activated by seminal fluid (data not shown).
Endometrial Cytokine/Chemokine Gene Expression Is Induced by Seminal Fluid
To validate the microarray data, several of the genes identified as both differentially regulated and associated with immune response pathways (Table 4) were analyzed further by qPCR. Endometrial samples from both intact and SVX/VAS mating groups were analyzed, and endometrial samples from a third control group of unmated estrous mice were also included, as an additional comparator (n ¼ 15-22 per group). Quantitative PCR confirmation showed that genes Csf3, Cxcl1, Cxcl2, Cxcl10, Il1a, Il1b, Il6, Lif, and Tnf were all induced following exposure to seminal fluid at coitus ( Fig. 2A-I ) while Ccl21 expression was inhibited following exposure to seminal fluid at coitus (Fig. 2J ).
An additional gene Csf2 previously identified as upregulated in the endometrium after mating in mice [5] , was also shown to be induced by seminal fluid in the current study despite not reaching criteria for differential regulation in the microarray (Fig. 2K) . Two other chemokine genes Ccl3 and Ccl5 shown previously to be induced in the immediate postmating phase in mice [7] [8] [9] were not differentially regulated in the microarray, and qPCR confirmed they were not regulated by seminal fluid. In the case of Ccl3, there was a .2.0-fold increase in both mated groups, but no discernable difference induced by intact as opposed to SVX/VAS males (Fig. 2L) , suggesting that the increase at 8 h after mating is due to factors other than sperm or seminal vesicle-derived agents. For Ccl5, expression in both mating groups was not different to the unmated control group (Fig. 2M) .
For some genes induced by seminal fluid, including Csf3, Cxcl1, Cxcl2, and Cxcl10, there was partial induction of expression after mating with SVX/VAS males compared to unmated control mice. This shows that factors other than sperm or seminal vesicle-derived agents contribute to induction of these genes after mating. This was particularly evident for Cxcl1 and Cxcl10, where approximately 50% and 30%, respectively, of the relative increase was seen after mating in the absence of seminal fluid stimulus (Fig. 2, B and D) . For the other genes Csf2, Il1a, Il1b, Il6, Lif, Tnf, and Ccl21, where there was no difference between expression in unmated mice and mice mated with SVX/VAS males, the vast majority of the effect was fully attributable to seminal fluid.
Endometrial Cytokine/Chemokine Protein Synthesis Is Induced by Seminal Fluid
To further confirm the impact of seminal fluid on cytokine and chemokine synthesis, proteins were quantified in uterine luminal fluid using multiplex microbead technology. Although polarized secretory behavior in uterine epithelial cells [34] implies the cytokine profile of luminal fluid likely has only partial overlap with the profile in the subepithelial stroma, inflammatory leukocytes are recruited into both compartments in the female postmating response [5, 7, 10] . Luminal fluid was collected from CBAF1 females 8 h after mating with intact or SVX/VAS males and compared to fluid from unmated estrous controls. At 8 h postcoitus, luminal fluid levels of CSF3, CXCL1, CXCL2, CXCL10, IL6, LIF, and TNF (Fig. 3A-G) were significantly increased following exposure to seminal fluid at coitus. In contrast, IL1B levels were not significantly changed, but notably the concentration of IL1B in luminal fluid was close to the limit of detection in all groups (Fig. 3H) . We are confident that these changes are due to endometrial synthesis of cytokines, consistent with the gene expression changes seen in vivo because minimal or substantially lower levels of these cytokines are detectable in murine seminal fluid even before dilution in the uterus [35] .
Tlr4 Is Down-Regulated by Seminal Fluid
Because TLR4 was identified as a candidate upstream regulator of seminal fluid signaling, we evaluated the possibility that seminal fluid factors activate the TLR4-signaling pathway. TLR4 has previously been shown to be expressed by epithelial and stromal cells in the mouse endometrium [36] . The microarray data showed Tlr4 expression was 1.4-fold down-regulated in the endometrium following exposure to seminal fluid. Altered expression was confirmed by qPCR where Tlr4 was elevated 1.5-fold in endometrium of females mated with SVX/VAS group compared to the unmated estrous control, but decreased by 25% in endometrium of females mated with intact males, resulting in a 2.0-fold difference in expression between the intact and SVX/VAS groups (Fig. 2N ).
Tlr4 Ligation in Uterine Epithelial Cells Elicits Cytokine Synthesis
An in vitro uterine epithelial cell culture experiment was then undertaken to further explore whether TLR4 activation As an additional control, endometrial tissue was recovered prior to ovulation from unmated virgin estrous females (con). Expression levels were calculated by qPCR using the delta C(t) method with Actb as housekeeping gene.
, and Tlr4 (N). Data are mean 6 SEM expression relative to the unmated control from n ¼ 15-22 mice per group and were analyzed using Kruskal-Wallis H-test and Mann-Whitney U-test. *P , 0.05 compared to control, **P , 0.01 compared to control, ##P , 0.01 compared to SVX/VAS. may contribute to seminal fluid signaling. The capacity of TLR4 activation to elicit cytokine secretion was examined following addition of the archetypal TLR4 ligand LPS to uterine epithelial cells recovered from estrous CBAF1 mice. As a comparison, uterine epithelial cells were treated with TGFB, shown previously to at least partly mediate the effect of seminal fluid in inducing cytokine release from mouse and human uterine epithelial cells [21, 22] . Ligation of TLR4 with LPS induced dose-dependent increases in several of the same cytokines induced by seminal fluid and predicted to be regulated by TLR4 ligation, including CSF3, CXCL1, CXCL2, IL1A, and TNF (Fig. 4, A-E) . Additionally, TLR4 ligation induced secretion of CSF2 (Fig.  4F) . As expected, TGFB treatment elicited increased production of CSF2 from uterine epithelial cells in a dose-dependent manner (Fig. 4F) and also elevated IL1A and TNF moderately (Fig. 4, D and E) . In contrast, TGFB substantially suppressed secretion of CSF3, CXCL1, and CXCL2 (Fig. 4, A-C) . IL6, CXCL10, and LIF secretion were not significantly altered by treatment with either TGFB or LPS (Fig. 4, G-I ).
The Female Tract Response to Seminal Fluid Is Disrupted in
To confirm a role for TLR4, the effect of Tlr4 null mutation on the endometrial cytokine and chemokine response to seminal fluid was examined. When endometrial gene expression was compared by qPCR in Tlr4 À/À and wild-type Tlr4 þ/þ mice 8 h after mating with intact or SVX/VAS C57Bl/6 males, a significant effect of TLR4 deficiency was seen, with impaired induction of cytokines shown in the previous in vitro experiment to be regulated by TLR4 activation. Comparison between expression after mating with SVX/VAS males versus intact males shows that Csf3, Cxcl2, Il6, and Tnf were all induced following exposure to seminal fluid in control mice, but were not induced in Tlr4 À/À mice (Fig. 5, A-D) . This was also reflected as significantly lower expression in the absence of TLR4, with 2.1-fold lower Csf3 (P ¼ 0.020), 46.0-fold lower Cxcl2 (P ¼ 0.003), 7.2-fold lower Il6 (P ¼ 0.007), and 6.4-fold lower Tnf (P ¼ 0.005) observed in Tlr4 À/À compared with Tlr4 þ/þ mice mated with intact males. In contrast, TLR4 deficiency did not alter the capacity of seminal fluid to induce endometrial expression of other cytokine genes identified in the in vitro experiment as induced by both LPS and TGFB, including Csf2 and IL1a (data not shown).
Additionally, Cxcl10 and Lif were induced following exposure to seminal fluid in control mice, but were not induced (Lif) or more variably induced (Cxcl10) in Tlr4 À/À mice (Fig. 5, E and F) . These two cytokines, neither of which responded to TLR4 activation in the in vitro experiment, did not show a significant difference between genotypes after mating with intact males (Fig. 5, E and F) , suggesting that while TLR4 signaling may contribute to their induction, other factors may have at least a partial compensatory role.
Bacterial Endotoxin in Uterine Fluid after Mating
Finally, we examined whether bacterial LPS accessing the female reproductive tract might be responsible for activation of TLR4 after coitus. Uterine luminal fluid containing deposited seminal fluid was collected from Balb/c females 1-2 h after mating with C57Bl/6 males and endotoxin levels were measured. The mean 6 SEM level of endotoxin detected in luminal fluids from n ¼ 8 mice was 2.3 6 1.0 ng/ml (range: 0.1-8.1 ng/ml).
DISCUSSION
Following mating in mice, the uterus undergoes an inflammation-like response characterized by recruitment of granulocytes and monocytes, and accompanied by synthesis of several proinflammatory cytokines and chemokines, in a process that facilitates immune adaptation and development of receptivity for pregnancy. Studies in mice and in women implicate seminal fluid factors, including TGFB in seminal plasma, as instrumental in activating this process [21, 22] . However whether seminal fluid TGFB is responsible for induction of all of the genes involved in the postmating inflammatory response seems unlikely [22] . The experiments in this study aimed to confirm that seminal fluid factors are indeed responsible for gene induction and to identify novel signaling pathways that are utilized in addition to TGFB.
Our results show that seminal fluid is required to elicit the increased expression of a wide range of cytokine genes induced during the postmating response. Csf2, Csf3, Cxcl1, Cxcl2, Cxcl10, Il1a, Il1b, Il6, Lif, and Tnf were all identified as induced between 2-and 50-fold following coitus with intact males, but not induced or substantially less induced when males were rendered surgically deficient in seminal fluid by vasectomy and excision of seminal vesicles. A similar pattern of requirement for contact with seminal fluid in cytokine proteins CSF3, CXCL1, CXCL2, CXCL10, IL6, LIF, and TNF confirms that endometrial gene expression is accompanied by increased protein synthesis.
For other genes, including Ccl3, Csf3, Cxcl1, Cxcl2, and Cxcl10, complete or partial induction in females mated with SVX/VAS males compared with estrous mice killed 8-9 h earlier in the estrous cycle immediately prior to ovulation suggests that a shift in ovarian steroid hormone levels, the neuro-endocrine stimulus of male contact and the mating event, and/or the introduction of microorganisms at mating may also contribute to gene regulation. An action of factors in residual fluid intromitted by the male, potentially derived from the prostate or bulbourethral glands, cannot be excluded but seems unlikely given the small fraction of seminal fluid derived from these tissues in the mouse [37] . However, the substantially greater expression evident in the direct comparison between females mated with intact versus SVX/VAS males for all of these genes other than Ccl3 clearly demonstrates that seminal TLR4 SIGNALING ACTIVATED BY SEMINAL FLUID fluid-independent effects do not fully account for cytokine gene induction and instead show that contact with seminal fluid is essential to maximally induce expression after mating.
Analysis for upstream regulators of the differentially regulated genes identified the TLR4-signaling pathway as activated by seminal fluid following coitus. Using LPS as a model TLR4 ligand in uterine epithelial cell cultures as well as Tlr4 À/À null mutant mice, we confirmed that endometrial induction of Csf3, Cxcl2, Il6, and Tnf expression after mating requires activation of TLR4 and that TLR4 may also contribute to induction of Cxcl10 and Lif. These studies are the first to provide evidence for the TLR4-signaling pathway contributing to the postmating inflammatory response and thus the consequent immune adaptation for pregnancy.
The findings presented in this study extend earlier reports implicating seminal fluid in regulating the periconception cytokine environment [5] [6] [7] . Previous studies have suggested in vivo induction in the uterus at 12 h after mating of Csf2, Cxcl1, Cxcl2, and Ccl3 using qualitative or semiquantitative PCR [5, 7] , and Ccl2, Ccl3, Ccl5, and Ccl6 using semiquantitative Northern blot [8, 9] . Additionally, the uterus has been shown to express Csf1, Il1, Il6, and Tnf on the day after mating [6, 8] . However, other than for Csf2, where in vitro experiments show epithelial cell gene induction with seminal plasma and reduced expression following mating with seminal vesicle excised males [5] , these early studies did not formally demonstrate a specific role for seminal fluid in gene induction. More recent studies show uterine Ccl19 is induced on Day 3.5 postcoitus when exposed to the complete ejaculate but not seminal vesicle-excised males [18] , and the type 1 interferon Ifne is induced following exposure to seminal fluid on Day 0.5 postcoitus [38] .
The current study confirms previous observations of inflammatory cytokine induction after mating [5] [6] [7] [8] [9] , although notably one chemokine thought previously to be induced, CCL5 [7, 8] , was not identified as differentially regulated in the microarray experiment. These data are also consistent with a recent study showing that cytokines induced by seminal plasma extend to the oviduct, with oviduct Csf2, Lif, and Il6 induced by seminal plasma [20] .
Comparison with studies in human cervical tissue biopsies taken after coitus or in cervical cells incubated with seminal fluid in vitro [22, 39] shows extensive similarity in the responses induced by seminal fluid in mice and women. In women, CSF2, IL6, IL8, and IL1A were confirmed by qPCR to be induced in the cervix by seminal fluid, while microarray implicated several other genes overlapping with those identified in the current mouse study, including CXCL1, CXCL2, and IL1B, while CCL5 was not regulated by seminal fluid [22, 39] .
The current study identifies some cytokines induced by seminal fluid not previously reported to be elevated in the female tract during the postmating phase. Notably CSF3 was .4-fold higher at the mRNA level and .5-fold higher at the protein level when seminal fluid was present. CSF3 is emerging as a potentially important player in early pregnancy, related to its capacity to generate T cell tolerance [40] . In human, CSF3 promotes the generation of regulatory immune responses through expanding tolerogenic dendritic cells and T regulatory cells [41, 42] . In mouse models of pregnancy, CSF3 produced by invading trophoblast cells is postulated to recruit macrophages and modulate their activity, inducing a switch toward a tolerogenic M2-like phenotype [43] . A randomized controlled study indicates CSF3 has efficacy in the treatment of primary unexplained recurrent miscarriage [44] . Further work is required to determine the extent to which CSF3 is involved in programming maternal immune tolerance at conception.
The identification of TLR4 as a key upstream regulator adds to our existing knowledge of TGFB as a major signaling factor in seminal fluid [21] [22] [23] [24] . Other components in seminal fluid that are postulated to play a role in seminal fluid signaling include prostaglandins [45, 46] , IL8 [47] , cysteine-rich secretory protein 3 [48] , and in pig, porcine-sperm-adhesion proteins [49] .
TLR4 has previously been identified to be expressed in the uterus of both mice [34] and human [50, 51] as well as in the human cervix [52] . In the current study, we observed upregulation of Tlr4 expression in endometrium of females mated to SVX/VAS males compared to unmated females, suggesting that factors other than seminal fluid such as hormone changes around ovulation induce Tlr4 at the mRNA level. However exposure to seminal fluid at coitus decreased Tlr4 expression, suggesting a possible negative feedback after ligation of TLR4 by seminal fluid constituents. This is consistent with previous reports of Tlr4 down-regulation after ligation in macrophages and neural tissue [53] [54] [55] .
The TLR4 expressed by uterine epithelial cells is able to bind ligands and transmit signals delivered in seminal fluid because the in vitro experiment in uterine epithelial cell cultures and in vivo experiment in Tlr4 null mutant mice provide clear evidence that synthesis of seminal fluid-induced cytokines CSF3, CXCL2, IL6, and TNF is elevated at the transcriptional level by TLR4 activation, in agreement with previous studies showing LPS induces CSF3, IL6, and TNF in mouse uterine epithelial cells in a polarized fashion [34] . For TNF, CSF2, and IL1A, the in vitro experiment suggests both TLR4 ligands and TGFB can induce synthesis, which explains why CSF2 and IL1A were not inhibited after mating in Tlr4 À/À mice (data not shown). The anomaly between TLR4-mediated induction of Il6 in vivo and absence of induction by LPS in our in vitro assays is likely to reflect effects of dose or timing of exposure in vitro because IL6 release from mouse uterine epithelial cells in response to LPS has been previously reported [34] .
The precise components of seminal fluid capable of ligating TLR4 are yet to be identified. The presence of TLRs on uterine epithelial cells has been predicted to activate cytokines and chemokines to aid in pathogen defense [51] . TLRs are commonly recognized as interacting with PAMPS such as LPS, a component of the cell membrane of gram negative bacteria. Bacterial LPS is low but detectable in human seminal fluid and varies between individuals [56] (Sharkey and Robertson, manuscript in preparation). In the current study, the level of LPS detectable in the female reproductive tract shortly after coitus was very low. LPS of male origin or from bacteria redistributed in the female tract is unlikely to explain TLR4 activation after coitus because a similar 2 ng/ml concentration of LPS had no effect on TLR4-regulated cytokines in uterine epithelial cells in vitro. These findings suggest that TLR4 ligands in seminal fluid other than LPS may mediate the female tract response.
In addition to TLR4 activation by foreign molecules, the presence of endogenous DAMPs in seminal fluid provides alternative ligands for TLR4 signaling. DAMPs, including beta defensin-2 [57] , fibronectin [58] , heat shock proteins [59, 60] , hyaluronan and hyaluronanidase [61, 62] , and S100 proteins [59, 63] , are known to activate TLR4 [64] , and some have been identified in seminal fluid of various species. Further studies are required to identify the critical TLR4 ligands present in seminal fluid, and whether they are of endogenous or microbial origin.
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TLR4 activation is generally considered as a mechanism to potently activate the innate immune response to remove foreign pathogens or deal with tissue injury, which might seem at odds with the requirement for immune tolerance in early pregnancy. However, there is evidence that activation of TLR4 can generate protolerance as well as inflammatory responses to limit damage during inflammation [65] . Indeed TLR4 has been suggested to act directly or indirectly to induce the differentiation, activation, and proliferation of Treg cells [66] [67] [68] . In mice, CD45RB low CD25 þ regulatory T cells, which function to control inflammatory responses to commensal bacteria and pathogens, selectively express TLR4 and enhance their suppressive function following exposure to LPS [66] . Dendritic cells from TLR4-deficient mice have reduced capacity to produce IL10 in response to Bordetella pertussis LPS, impairing expansion of inducible Treg cells [67] . Further, LPS-treated Treg cells cultured in the presence of dendritic cells can induce tryptophan catabolism through a cytokinedependent pathway, suggesting that TLR-activated Treg cells can enhance tolerogenic dendritic cell production [68] . In the context of seminal fluid exposure, TLR4 activation by PAMPs or DAMPs may thus plausibly contribute to the establishment of maternal immune tolerance induced by seminal fluid [18] .
Despite the role for TLR4 in the female response to seminal fluid, Tlr4 À/À mice are reproductively competent [54] , so female TLR4 deficiency at coitus does not result in complete infertility, at least in syngeneic pregnancy. However, our recent studies demonstrate that Tlr4 À/À mice mated with genotypematched males exhibit impaired reproductive outcomes with delayed labor and a 35% reduction in litter size, attributable to late gestation and early postnatal loss of pups [69] . It is possible that an altered immune environment from conception contributes to this late gestation fetal loss in Tlr4 À/À mice because seminal fluid signaling affects not only the periconception immune environment but also has consequences for later fetal growth and offspring health [20] . When conception occurs in the absence of seminal plasma, placental hypertrophy is evident in late gestation and offspring exhibit an altered growth trajectory and metabolic dysfunction [20] . It remains to be determined whether and how seminal fluid-activated TLR4 signaling at conception contributes to later gestation events and offspring health, and whether any effects of perturbing this pathway are increased in allogeneic pregnancy, when the requirement for maternal immune tolerance is elevated.
Clinical studies provide consistent evidence for a beneficial effect of seminal plasma exposure on outcomes of human pregnancy. Limited exposure to partner's seminal fluid has been correlated with immunological disorders of pregnancy particularly preeclampsia [70] [71] [72] [73] [74] [75] . Exposure to semen around the time of embryo transfer improves embryo viability 6-8 wk posttransfer [76] . The absence of seminal plasma in in vitro fertilization may be one of several factors contributing to altered birthweights and health outcomes for in vitro fertilized children [77] . Understanding the mechanisms by which seminal fluid establishes this favorable periconception immune environment, and the contribution of TLR4 to this process, will be informative in understanding how disruptions to seminal fluid signaling may influence the outcomes of pregnancy.
In conclusion, this study advances knowledge of the immune changes induced in the mouse by seminal fluid and provides evidence that TLR4 is a key agent mediating seminal fluid signaling. This expands our understanding of the mechanism by which seminal fluid interacts with female tissues to initiate the periconception immune response and generate maternal immune tolerance to paternal antigens. Future studies will elucidate the signaling molecules present in seminal fluid that ligate TLR4 and examine how interfering with TLR4-mediated signaling may contribute to impaired reproductive outcomes in Tlr4 À/À mice.
